Phosphoglucose isomerase (PGI, EC 5.3.1.9) isozymes were examined by electrophoresis in the three common British species of Polygala, the diploids P. serpyllifolia and P. calcarea and the tetraploid P. vulgaris. All three species share the most anodal band which is probably the form of the enzyme occurring in the plastids (PGI-1). Individuals of the two diploid species each have one further band, probably the cytosolic form of the enzyme (PGI-2), with two phenotypes in each species, one of which is common to both. Individuals of P. vulgaris have one, three or six PGI-2 bands and 10 different homozygous phenotypes were observed. The commonest phenotypes in most populations show three bands with a central heterodimeric band staining more intensely than the outer two bands. Although P. vulgaris is a predominantly seif-fertilising species with no vegetative spread, many populations or sub-populations consist almost entirely of three-banded phenotypes. This indicates that the three-banded phenotypes are "fixed heterozygotes" resulting from the duplication of the Pgi-2 locus in the tetraploid. Heterozygotes between different three-banded forms show six bands in which the staining intensities are consistent with random pairing of the subunits. Plants showing silencing of one of the duplicate alleles were found in two small isolated areas in West Glamorgan. The biochemical diversity produced by the multiplicity of enzyme morphs in the tetraploid P. vulgaris may have contributed to its success. It is the most common, widespread and ecologically wide-ranging species in the genus in Europe.
INTRODUCTION
Phosphoglucose isomerase (PGI, EC 5.3.1.9), detected by electrophoresis, frequently shows polymorphic variation in plants. In previous studies of a range of animals and plants it has always been shown to be a dimeric enzyme, with heterozygotes showing three bands, and the central, heterodimeric band usually staining more intensely than the outer two homodimeric bands (Avise and Kitto, 1973; Gottlieb, 1977; 1981; Adams and Allard, 1977) . PGI from Polygala species stains very clearly on starch gels and shows considerable variation between individuals. The enzyme shows a diversity of phenotypes in Polygala species, and shows the effects of gene duplication particularly clearly in the tetraploid P. vulgaris. Other enzyme systems also show evidence of duplication in this species.
Gene duplication can occur in plant evolution both via polyploidy (Ohno, 1970; Roose and Gottlieb, 1976; 1980; Gottlieb, 1981; Gottlieb and Higgins, 1984) and via repetitions in particular DNA sequences (Gottlieb, 1977; 1981) . When such a duplication has occurred and the two loci behave independently, a plant homozygous for different alleles at the two loci will appear to be heterozygous, since the products of both alleles will appear, with any hybrid band, in the preparation. Such "fixed heterozygosity" has been demonstrated for PGI in the plant genera Clarkia (many diploid species; Gottlieb, 1977) and Festuca (hexaploid F. microstachys; Adams and Allard, 1977) and in many bony fishes (Avise and Kitto, 1973) . It has been demonstrated for other enzyme systems in Triticum (Barber et al., 1968; Hart, 1969; Hart and Langston, 1977) Zea (Freeling and Schwartz, 1973) , Stephanomeria (Gottlieb, 1973) , Helianthus (Torres, 1974) , Hordeum (Babbel and Wain, 1977) and Tragopogon (Roose and Gottlieb, 1976; 1980) . In autopolyploids polysomic inheritance may occur with corresponding segregation among the four alleles in the offspring (Little, 1958; Grant, 1975) .
If a pair of duplicated loci behave independently, their properties may diverge, with one of the loci changing and, possibly, acquiring a new function, while the other locus retains its original properties. This has been proposed as a particular stimulus for evolution in polyploids (Ohno, 1970; Maclntyre, 1976; Zuckerkandi, 1978) .
In this paper we present evidence for duplication and divergence of Pgi loci among two diploid and one tetraploid species of Polygala (Polygalaceae).
THE SPECIES
Polygala vulgaris L., P. serpyllifolia Hose and P. calcarea F. W. Schultz are closely related and very similar in appearance. In Britain P. vulgaris is a widespread species of basic to neutral grassland, particularly common in the south. P. serpylljfolia is widespread in acid habitats and is more frequent in the north and west. The two species overlap considerably in range (Perring and Walters, 1976) although they are separated by habitat in most localities. P. calcarea is confined to chalk and limestone in southern England, where it is locally common and very frequently occurs with P. vu!-garis. A fourth species, P. amarella L., has a very restricted distribution in Britain and was not included in this study. Glendinning (1960) and Moore (1982) reported a diploid number of 2n = 34
for British populations of P. serpyllfolia and P.
calcarea. Trueman (1973) , in a critical study of the genus in Britain, recorded 2n =32 in P. serpyllifolia and 2n =34 in P. calcarea. The tetraploid number of 2n =68 has been found in British populations of P. vulgaris (Glendinning, 1960; Trueman, 1973; Moore, 1982) . The chromosomes of Polygala species are very small and poorly discernible and the meiotic configurations have not been analysed. Lower chromosome numbers were reported by earlier workers for P. vulgaris from other parts of Europe, but Glendinning (1960) considered that these are likely to.have been errors. Tetraploid P. serpy!l(fo!ia has been reported from some parts of Europe (Glendinning, 1960) , but the relationship between these forms and British P. serpyllfo1ia is not clear. Hybridisation between P. calcarea and P. vulgaris may be quite frequent where the two species occur together but the triploid hybrids have very low fertility (Trueman, 1973) . Hybridisation between P. vulgaris and P. serpy1lfolia has never been recorded (Trueman, 1973) .
METHODS
Plants of each species were sampled from a number of populations ( fig. 1, table 1 ). Within each population, samples were collected to cover the range of visible morphological variation and the geographical extent of the population or sub-population, with a minimum sampling distance of 25 cm. Individuals do not spread vegetatively further than about 5 cm and each sample was collected from a different plant.
Enzymes were assayed using horizontal starch gel electrophoresis in Shandon U77 Kohn tanks. The electrophoresis procedure was similar to that described by Shields, Orton and Stuber (1983) and the most satisfactory buffer for PGI was found to be 05 M Tris, 024 M Boric acid, 0016 M EDTA with a one-tenth dilution for the gel. Staining was carried out using recipes following Shaw and Prasad (1970) . One to three leaves of each sample plant were ground in water or 0.1 M Tris HC1 buffer at pH 75 and the crude extract was absorbed on thin Whatman No. 3 filter paper wicks (6 x 3 mm).
Self-pollination occurs automatically in all three species. Crosses between plants of different homozygous genotypes were made by removing the undehisced anthers from unopened buds before cross-pollination. Progeny analyses were made using seed taken from capsules formed by automatic self-pollination on isolated plants. Glamorgan populations that were studied 902 per cent of the sampled plants were three-banded and only 28 per cent were single-banded. In the threebanded plants the central band is always mid-way between the faster and slower bands and is nearly always more intensely staining, the typical pattern Glamorgan, growing with phenotypes 1 and 3, phenotype 10 in a small area of calcareous sanddune grassland at Whiteford, West Glamorgan, growing with phenotype 1. Apart from these rare single-banded plants, which lack the P01-2 D band, all plants in these and nearby populations are three-banded, or six-banded heterozygotes, with the D band as one of these. Phenotypes 9 and 10 may be homozygous at one locus for nonfunctional or "null" alleles in place of Pgi-2 D.
RESULTS

Differences between species
The null allele may have arisen initially as a mutation in heterozygous form and become homozygous through self-pollination. These phenotypes would then have Pgi-2 genotypes CCnn (phenotype 9) and AAnn (phenotype 10), where n is a null allele. This would lead to a staining intensity very similar to that of the A band of normal, three-banded "fixed heterozygotes".
Alternatively, these phenotypes could have arisen by mutation at the Pgi-2 D locus to the same morph as was present at the other locus (different in the two areas) or through quadrivalent formation at meiosis, leading to gametes with the same allele at both loci. Stabilisation in either case could follow through seif-fertilisation. If quadrivalents were formed one would expect plants with a single P01-2 D band to be found in the same area, but these were not found in either area. Since there is no other evidence for tetrasomic inheritance, origin of the rare single-banded phenotypes by this mechanism seems very unlikely. Furthermore, genotypes AAAA and CCCC would be expected to show a single intensely staining band. The faintness of the bands suggests that null alleles have been formed. Phenotypes 9 and 10 are both extremely restricted in distribution, but there appeared to be no loss of vigour in the plants.
Indeed one of the phenotype 9 plants was among the largest plants in its immediate vicinity. The single-banded phenotype 8 may have arisen in the same way and may also have a null allele. The population at Watlington Hill, where it occurs, is extremely variable and contains several phenotypes found nowhere else. This population requires further investigation before definite conclusions can be made. Tables 1 and 3 show that there are clear differences between the populations studied. Gene frequencies (table 3) Distinct plastid (PGI-1) and cytosolic (PGI-2) forms of PGI, coded for at different loci, have been shown to exist in several species of angiosperm (Schnarrenberger and Oeser, 1974; Schnarrenberger et a!., 1975; Gottlieb and Weeden, 1979; 1981; Weeden and Gottlieb, 1979; Jones, 1984) . The most anodal PGI band was the same in all three species of Polygala, a lack of diversity typical of plastid isozymes (Gottlieb and Weeden, 1981) . The remaining PGI bands (PGI-2) were polymorphic, and were, presumably, the cytosolic isozymes. The two diploid species showed only two morphs each, with no heterozygotes yet detected (all species appear to show a high level of selfpollination), but P. vulgaris showed 10 different homozygotes and 10 of the possible single-locus heterozygotes. The sample sizes for the diploid species were smaller, but the plants came from a wide geographical range, and it appears that there is much less variation in these species. This type of diversity is typical of polyploids. It has been suggested that polyploids may gain biochemical diversity as a consequence of gene duplication (Barber, 1970; Johnson, 1974) which allows them to be more flexible and tolerant in their ecological requirements. Zangerl and Bazzaz (1984) reported that different PGI genotypes of Amaranthus retroflexus differed in their ecological distribution. The potentially greater range of tolerance and flexibility of the polyploid Polygala vulgaris, compared with the diploid species in the genus, is supported by its known ecological and geographical range in Europe. P. vulgaris is the most widely distributed European species of Polygala (McNeill, 1968) and is the commonest species in many parts of northern Europe. It is very variable (McNeill, 1968) , and has been classified as several different infraspecific taxa or even species in the past, though it is clear that they form part of a continuous range of phenotypic variation within P. vulgaris (Trueman, (McNeil!, 1968; Trueman, 1973) .
Diferences between populations of P. vulgaris
Its ecological range and distribution within the British Isles are wider than those of either diploid species in this study. Phenotype 4 (PGI-2 DDDD) may be the ancestral type in P. vulgaris, since a form of this mobility, homozygous at both loci, is shown by both diploid species and is present in nearly all plants. Its great frequency as the sole allele in many plants in the eastern populations (those nearer the centre of distribution of the species) also suggests that it may be ancestral. There are fairly large differences between populations in the different parts of the country suggesting that there may have been little contact between them. We have found that P. vu!-garis is largely self-pollinated, and this is reflected by the low frequency of heterozygotes (other than "fixed heterozygotes") found in all populations. Seed dispersal is extremely limited. The seeds are heavy and have no adaptations for mechanical dispersal, though we have observed ants gathering them and moving them up to 2 m. The extreme diversity in PGI in the population at Watlington may have arisen from past hybridisation and introgression from P. calcarea. Trueman (1973) examined this population and suggested that, although there was no evidence of pure P. calcarea and the population in the main resembled P. vu!-garis, it had several morphological characters found in P. calcarea. PGI alleles E and F were found only in this population of P. vulgaris, and E has the same mobility as one allele found in all P. calcarea populations. This adds strength to the suggestion that this population may, at some time in the past, have incorporated genes from P. calcarea, but further evidence would be desirable.
Hybridisation between the two species was recorded by Trueman (1973) in most places where the two species occur together, but the presumed hybrids are normally triploid and have very low fertility (Trueman, 1973) .
The occurrence of "null", non-functional alleles has been reported in a few polyploid species, particularly in fishes (Ferris and \Vhitt, 1979; Stoneking et al., 1981) . Among plants it has very rarely been reported but has been demonstrated for PGI in Clarkia (Gottlieb, 1977) and Festuca (Adams and Allard, 1977) . Allendorf (1979) and Li (1980) have suggested that such "gene silencing" could arise frequently and spread in organisms with duplicate loci. In Polygala vulgaris the occurrence in two very small isolated areas (and possibly a third) of a few plants probably showing a null Pgi-2 allele suggests that gene silencing is not common and has not spread. In both places it has given rise to plants with a single enzyme form while all nearby plants show three forms.
